Accurate quantitative EDS-TEM analysis of precipitates and matrix in equilibrium (α+β) Zr–1Nb alloys with Ta addition by Ferreirós, Pedro Antonio et al.
Journal Pre-proof
Accurate quantitative EDS-TEM analysis of precipitates and matrix in equilibrium (α
+β) Zr–1Nb alloys with Ta addition




To appear in: Journal of Alloys and Compounds
Received Date: 11 May 2020
Revised Date: 9 July 2020
Accepted Date: 10 July 2020
Please cite this article as: P.A. Ferreirós, P.R. Alonso, D.P. Quirós, E. Zelaya, G.H. Rubiolo, Accurate
quantitative EDS-TEM analysis of precipitates and matrix in equilibrium (α+β) Zr–1Nb alloys with Ta
addition, Journal of Alloys and Compounds (2020), doi: https://doi.org/10.1016/j.jallcom.2020.156372.
This is a PDF file of an article that has undergone enhancements after acceptance, such as the addition
of a cover page and metadata, and formatting for readability, but it is not yet the definitive version of
record. This version will undergo additional copyediting, typesetting and review before it is published
in its final form, but we are providing this version to give early visibility of the article. Please note that,
during the production process, errors may be discovered which could affect the content, and all legal
disclaimers that apply to the journal pertain.
© 2020 Published by Elsevier B.V.
Credit Author Statement 
 
P.A. Ferreirós:  Conceptualization, Methodology, Validation, Formal analysis, 
Investigation, Writing- Reviewing and Editing, Visualization. P.R. Alonso : 
Resources, Writing- Reviewing and Editing, Supervision. D.P. Quirós : Resources, 
Investigation. E. Zelaya: Investigation, Writing - Review & Editing.: G.H. Rubiolo : 
Conceptualization, Validation, Writing- Reviewing and Editing, Supervision, Project 




















Accurate quantitative EDS-TEM analysis of precipitates and matrix in 
equilibrium (α+β) Zr-1Nb alloys with Ta addition 
P.A. Ferreirósa,b,c,*, P.R. Alonsoa, D.P. Quirósa, E. Zelayad, G.H. Rubioloa,c 
a
 Gerencia Materiales (GAEN) - Comisión Nacional de Energía Atómica (CNEA), Instituto Sabato - Universidad Nacional de 
San Martín (UNSAM), Av. Gral. Paz 1499, San Martín, Buenos Aires B1650KNA, Argentina. 
b
 Facultad Regional Haedo (UTN-FRH), Universidad Tecnológica Nacional, París 532, Haedo, B1706EAH Buenos Aires, 
Argentina. 
c
 Consejo Nacional de Investigaciones Científicas y Técnicas (CONICET), Godoy Cruz 2290, C1425FQB Ciudad Autónoma de 
Buenos Aires, Argentina. 
d
 Centro Atómico Bariloche (CAB), CONICET, Avenida Bustillo 9500, San Carlos de Bariloche, Río Negro, R8402AGP, 
Argentina.  
Abstract 
The (α+β) phase microstructure in Zr-1.05Nb, Zr-0.85Nb-0.20Ta and Zr-0.85Nb-0.40Ta 
(wt.%) alloys annealed at 570 °C for 3840 h after β-quenching were observed at different 
scales by optical, SEM and TEM microscopies. A quantitative study of phase chemical 
compositions was carried out by EDS-TEM with experimental Cliff-Lorimer factors. The α 
matrix was measured on thin films and the β particle on carbon extractive replicas. The Ta 
addition showed a continuous increase of (Nb+Ta) solubility in α-Zr and (Zr+Ta) solubility in 
the β-Nb phase. The increase of Ta in the nominal composition of the Zr-1(Nb, Ta) alloy 
causes the decrease of the mass fraction of β-Nb phase. 
 
Keywords: Zr-Nb alloys; Ta addition; Transmission electron microscopy (TEM); Energy 
dispersive X-ray spectroscopy (EDS); Cliff-Lorimer factor. 
 
1. Introduction 
Zirconium alloys have a low thermal neutron absorption cross-section, and this positioned 
them as base material in fuel channels and fuel assemblies of all conventional nuclear 
reactors that generate power from the fission of uranium by thermal neutrons [1,2]. There 
                                                          
* Corresponding author. Present address: Gerencia de Materiales, Departamento de Transformaciones y 
Propiedades, Comisión Nacional de Energía Atómica, Av. Gral. Paz 1499, B1650KNA San Martín, Argentina. 
Tel.: 054 11 6772 7247; Fax: 054 11 6772 7362. 




is a wide variety of zirconium alloys, among which modern alloys such as Zr-1Nb and Zr-
1Sn-1Nb (wt.%) stood out. The M5 (trademark of AREVA NP, France) and E110 (produced 
by TVEL, the Russian nuclear vender) alloys belong to the first group and Zirlo (trademark 
of Westinghouse Electric Company LLC, USA) alloy to the second group [3,4,5]. Since the 
development stage of these alloys, corrosion resistance is known to increase when 
equilibrium particles of β-Nb phase (very rich in Nb) are present instead of the metastable 
β-Zr phase (19 wt.% Nb) [6,7,8]. Although several authors claim that it is the Nb 
concentration in α matrix, rather than the presence of equilibrium particles, the dominant 
factor to control the corrosion kinetics. However, both approaches are not opposed 
because the β-Nb particles are formed by extracting Nb from the α matrix up to its 
solubility limit [9,10,11,12,13]. A very recent research provided new experimental 
information and with it builds a very convincing new hypothesis of the role that Nb plays 
during water corrosion [6]. The authors show that the amount of Nb ions distributed in 
solution in the oxide increases the parabolicity of the oxidation kinetics of Zr-Nb. 
Furthermore, they demonstrated that β-Zr precipitates dissolve during oxidation supplying 
Nb to the oxide surrounding matrix, while dissolution of β-Nb precipitates is much slower 
and makes these precipitates more effective in retaining Nb and retarding oxidation. The 
authors can explain their experimental results with the hypothesis that the space charge 
within the oxide can be compensated by aliovalent ions dispersed in solution; the lower the 
concentration of aliovalent ions in solution, the less the space charge compensation and a 
subparabolic oxidation kinetics occurs. 
Recently the Zr-1.5Nb-1Ta (at.%) alloy was tested to evaluate its corrosion in vitro with the 
aim of using it as a biological implant material [14,15]. The passive oxide film formed on the 
alloy surface protects from subsequent corrosion more efficiently than the passive film 
formed on Ti Grade 2 and the well-known nuclear Zr-2.5Nb (wt%) alloy. Unlike Nb, the Ta 
addition in Zr-base alloys has no background in the literature regarding the corrosion under 
water at high pressure and temperature. 
In Zr-base alloys for nuclear applications the Ta addition was also a slightly explored field so 
far [16,17,18]. The binary phase diagrams Zr-Nb and Zr-Ta have similar phase fields; both 
have a monotectoid reaction and a low solubility of Nb and Ta in the α-Zr phase 
[19,20,21,22]. On the other hand, the Nb-Ta diagram has a continuous solid solution bcc (β 
phase) [23,24,25]. Therefore, for small additions of Ta in Zr-1Nb type alloys and 
temperatures below the monotectoid, it is expected that the two-phase microstructure (α-
Zr + β-Nb) remains and that Ta atoms also tend to form the β-Nb precipitate.  
Consequently, this article focuses on the influence of a small addition of Ta on the phase 
equilibrium microstructure of the Zr-1% Nb alloy aged at 570 °C. By means of selected area 
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electron diffraction (SAED) and quantitative energy dispersion spectroscopy (EDS) 
performed with a transmission electron microscope (TEM), the crystal structure and 
chemical composition of Nb-rich precipitates extracted in carbon replicas were 
characterized. Then, the EDS-TEM technique was applied to alloy thin films to measure the 
solubility of Nb and Ta in the matrix phase when Ta is added to the Zr-1% Nb alloy. 
Commonly, quantitative methods to measure Nb content in a Zr matrix have high 
uncertainty due to the similar atomic structure and the low solubility limit. The large 
spread in the reported values for Nb content in α-Zr matrix (0.07-0.6 at% [26,27,28]), 
makes the Nb solubility limit uncertain. It has even been difficult to achieve an accurate 
estimate using the high resolution of the Atom Probe Tomography technique [9,29,30], 
because the measurement volume is so small that the representativeness of the bulk 
sample is lost [31,32]. The addition of Ta as a third alloy element could bring more 
uncertainty in certain measurement techniques. This would be the case of chemical 
accurate quantitative measurements by the EDS-TEM technique using experimental Cliff-
Lorimer factors [33]. Since Ta has a large atomic mass, the critical energy to ionize its K 
shell is not reached with the usual TEM voltages [34]. Therefore, the Cliff-Lorimer method 
must be performed with the L layer signals, but these signals coming from the Nb and Zr 
atoms overlap. However, these drawbacks can be addressed with a carefully analysis 
presented in depth and discussed as part of this paper.  
2. Materials and methods 
All the alloys used in this study were melted in an electric arc furnace with tungsten 
electrode and water cooled copper crucible under argon atmosphere. The samples were 
turned and remelted several times to ensure homogeneity. In the melting process, weight 
losses of less than 0.04 % were obtained. The used raw materials were sponge Zr (628 ± 63 
ppm O, 148 ±24 ppm Fe, 68 ±16 ppm Hf and 30 ±4 ppm N) and pure elements, Nb and Ta, 
with purity better than 99.9 wt.%. 
2.1 Standard alloys for the determination of X-ray intensity  ratios 
Two alloy buttons of 18 g were melted with the nominal chemical compositions pointed 
out in Table 1. Then, using a low speed diamond saw, each button was cut into halves for 
further compositional evaluation. The homogeneity of the alloys was evaluated by 
measuring their average chemical compositions by means of electron probe micro-analysis 
(EPMA) in a Cameca SXFive equipment using three wavelength dispersive X-ray 
spectrometers (WDS). Pure element standards provided by CAMECA were used for 
calibration. Conventional ZAF matrix correction routine incorporated into the Cameca’s 
PeakSight software was used to calculate the final compositions. The accuracy of one 
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composition measurement in this scheme has a standard deviation of ±2% relative [35]. 
The values were obtained from the average and standard deviation of 200 measurements 
along a straight line of 8 mm with a 10 µm spot diameter (see Table 1). The uncertainty 
range of the measured average chemical composition considering the accuracy standard 
deviation in one EPMA measurement includes the value of the nominal chemical 
composition of standard alloys according to the fact of a very low weight loss during the 
melting. 
Table 1. Chemical compositions of standard alloys. 
Nominal composition (wt%) 
EPMA composition (wt.%) 
Zr Nb Ta 
(St-1) 12.5Zr-46.5Nb-41Ta 12.45 ±0.10 46.43 ±0.25 41.12 ±0.27 
(St-2) 66Zr-18Nb-16Ta 66.22 ±0.54 17.94 ±0.14 15.84 ±0.13 
 
These two standard alloys were used to characterize the experimental sensitivity Cliff-
Lorimer factors () of the EDS-TEM spectra obtained with a field emission TEM FEI Tecnai 
F20 G2 (FEG) operated at 200 kV with an EDAX EDS detector, take-off angle 14.8°, sample 
rotation 15° and data collected from a focused spot of 15 nm diameter. Thin films of the 
standard alloys with a homogeneous thickness below 100 nm were prepared in a SEM/FIB 
FEI Quanta 3d 200i. Through conventional focused ion beam (FIB) milling process, a lamella 
was lift out from the half button, then welded to a copper TEM holder and FIB-milled to the 
final thickness. 
At least ten EDS spectra were measured in different parts of each thin-foil standard. From 
the statistical point of view, the level of homogeneity previously analyzed by EPMA ensures 
that the data taken for the X-ray counts at certain energy in each EDS scan can be handled 
as a sample taken from the same distribution. Because the X-ray counts  in the 
spectrum obey the Poisson statistic, its statistic fluctuation is √. It follows for a relatively 
simple integration that the number of counts in a peak above the background has a 
statistic fluctuation equal to the square root of those counts. Therefore, if the X-ray counts 
from  individual spectra are summed, the intensity background corrected of the peak 
increases  times while the statistical fluctuation increases as √ times, so the relative 
error in the peak intensity will decrease as 1 √⁄ 
 times. Since the Cliff-Lorimer method 
uses intensity background corrected ratio, their accuracy will be greatly improved if we use 
the summed spectra. Prior to obtain the sum spectrum, those individual spectra that do 
not fulfilled the statistical similarity requirements are discarded. The procedure was as 
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follows. First, using the DTSA-II software [36], the individual spectra were normalized 
setting the intensity of a representative peak to be the same in all of them. Then, all 
normalized individual spectra were compared in pairs to verify similarity using the 
statistical method reported in the reference [37]. 
The sum EDS-TEM spectra of each thin film standards used to characterize the  factors are 
shown in Fig. 1. The quantified lines are highlighted in black and lines from chemical 
element coming from materials external to the sample are marked with an asterisk 
(internal parts of the TEM and Cu holder). The methodology to determine the ,  
and  factors from the data in Fig. 1 and the Cliff-Lorimer equation [33] is detailed in 
the appendix. Table 2 shows the  values. No additional absorption and fluorescence 
corrections were made for this experimental scheme of  factors determination. 
 
Fig. 1. Sum of EDS-TEM spectrum measured in a) St-1 (12.5Zr-46.5Nb-41Ta) and b) St-2 (66Zr-18Nb-16Ta). 









Zr-Nb K-L2 + K-L3 K-L2 + K-L3 0.844 2.3 
Zr-Ta L3-M4 + L3-M5 + L2-M4 L2-M4 0.272 4.8 
Nb-Ta L3-M4 + L3-M5 + L2-M4 L2-M4 0.354 3.9 
 
2.2 Zr-1%Nb alloys with Ta addition 
Three alloy buttons of 25 g were melted with the nominal compositions shown in Table 3. 
The absolute error in the chemical composition was estimated considering the total weight 
loss in the melt successively assigned to each element of the alloy. The three alloys were 
wrapped in a Tantalum foil, encapsulated into a quartz tube which was evacuated and 
back-filled with argon, heat treated at 1100 °C for 30 minutes and followed by a water 
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quenching (β quenched). Based on the results reported in reference [7], the 
thermodynamic equilibrium microstructure in the alloys was obtained with an annealing at 
570 °C for 3840 h under Ar atmosphere in a sealed quartz tube. 
Table 3. Chemical compositions of the Zr-1%Nb alloys with Ta addition. 
Alloy 
Nominal composition ± absolute error (wt.%) 
Zr Nb Ta 
Zr-1.05Nb 98.9485 ± 0.0004 1.052 ± 0.039 - 
Zr-0.85Nb-0.20Ta 98.9483 ± 0.0003 0.851 ± 0.032 0.201 ± 0.032 
Zr-0.85Nb-0.40Ta 98.7510 ± 0.0004 0.850 ± 0.035 0.399 ± 0.035 
 
The metallographic surfaces for optical microscopy and scanning electron microscopy 
(SEM) were polished up to 600 grade abrasive paper and etched with 45% glycerin, 45% 
H2SO4 and 10% HF by swabbing for 25 s. The microscopes used were an Olympus BX60M 
and a FEI Quanta 200 respectively. The characterization of the precipitate phase was 
carried out in carbon extraction replicas [38]. The etched surface was covered by a carbon 
layer with a Quorum Q150T ES equipment. The detachment of the replica was carried out 
by chemical dissolution of the matrix phase with electro-etching (250 mA, 66 % methanol, 
22 % 2-Butoxyethanol and 12 % perchloric acid). The crystalline structure and the 
qualitative chemical composition of the particles in the extractive replicas were analyzed by 
EDS-TEM using a Philips CM200 microscope operated at 160 kV and an EDAX detector. Thin 
films were prepared to study the matrix phase of the alloys. Discs of 3 mm diameter were 
cut and mechanically ground to a final thickness of 100 μm using SiC paper and thinned to 
electron transparency by electro-polishing (90% methanol, 10% perchloric acid at -30°C) 
using a Tenupol-5 Struers dual jet polisher. The chemical quantitative analyzes of 
precipitates (carbon extractive replicas) and matrix phase (thin films) were performed with 
the same EDS-TEM equipment and analysis conditions used for the determination of the  
sensitivity factors explained in section 2.1. Also in these measurements the methodology 
was to collect at least ten EDS spectra in each phase and quantify their chemical 
composition with the sum spectrum. 
3. Results 
Optical micrographs of the alloys with thermal treatments of β quenching and subsequent 
equilibrium annealing are showed in Fig. 2. In the bright field micrographs, to the left of 
each image, it can be seen that the needles of the tempered martensitic phase were 
revealed. This is possible due to a preferential precipitation at the needle boundaries, as 
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could be noticed from the bright field–dark field combination in the image of the same 
zone. The SEM examination of this microstructure shows a finer arrangement of smaller 
precipitates within the needles (Fig. 3). The formation of these precipitates is in narrow 
bands and these bands appeared to align along some specific crystallographic direction. 
The formation of aligned precipitates was also collected in the extractive replicas as shown 
in the TEM micrograph of Fig. 4a. In order to identify the precipitate phase, selected area 
electron diffraction (SAED) from the particles in the replica were taken (Fig. 4b) and their 
bright and dark field images are shown (Fig. 4c and 4d, respectively). Electron diffraction 
analysis confirmed that the precipitates were of the β phase (bcc). The qualitative EDS 
analysis of the particle indicated a high content of niobium and tantalum (Nb+Ta> 80 wt.%) 
and a low content of zirconium. Approximately 15 particles of each alloy's extraction 
replica were analyzed in the same way as reported for the particle in Fig 4. In all cases, the 
result was a low content of Zr (< 20 wt.%) and a bcc structure. Besides this β type 
precipitate, a much smaller amount of second phase particles was found in all three alloys, 
whose crystal structures could not be identified as a bcc structure. In these cases, the 
qualitative EDS analysis was performed on four particles extracted from each alloy, the 
binary Zr-1Nb and the ternary Zr-0.85Nb-0.20Ta. The compositional analysis (average 
values in wt.%) gives (41.60 ± 0.96)Zr, (41.80 ± 0.96)Nb, (13.0 ± 0.7)Fe and (3.60 ± 0.24)Cr 
in the intermetallic of the Zr-1Nb binary alloy, while the figures are (31.2 ± 0.7)Zr, (25.8 ± 
1.9)Nb, (32.4 ± 1.8)Ta, (8.9 ± 0.5)Fe and (1.83 ± 0.13)Cr in the intermetallic of the Zr-
0.85Nb-0.20Ta ternary alloy. In this work, neither the crystalline structure nor the 
quantitative composition of these second phase particles is analyzed. 
 
Fig. 2. Optical micrographs of alloys: a) Zr-1.05Nb, b) Zr-0.85Nb-0.20Ta and c) Zr-0.85Nb-0.40Ta. The 




Fig. 3. SEM micrographs of alloys: a) Zr-1.05Nb, b) Zr-0.85Nb-0.20Ta and c) Zr-0.85Nb-0.40Ta. 
 
Fig. 4. TEM micrographs on carbon extractive replica of the Zr-0.85Nb-0.40Ta alloy. a) Bright field of a typical 
area of the replica, b) SAED pattern of a β particle, (313) zone axis, c) Bright field and d) [101] dark field of the 
same particle. 
In Zr-xNb (0.55 ≤ x %wt. ≤ 2.5) alloys, C. Toffolon et al. showed that up to 2000 hours of 
isothermal treatments at 570 °C were necessary for the β-Nb particles to be close to 
thermodynamic equilibrium [7]. Even though the annealing time of the alloys in this study 
is greater than 2000 hs, we evaluated whether the thermodynamic equilibrium was 
reached after prolonged annealing by comparing the diffusion length with the width of the 
precipitate bands observed by SEM. Using the annealing conditions ( = 570 °, 
 = 3840 ℎ ), the diffusional pre-exponential factor ( ) and the diffusion activation 
energy (!) of the alloying elements:   = 6.6$10%& '( )⁄ ,   = 100 '( )⁄ , ! =131.9 + ',-⁄ , ! = 293.1 + ',-⁄  [39] a diffusion length of 0.46 /'  and 0.31 /'  is 
obtained for Nb and Ta, respectively. The Fig. 3 shows that the width of precipitates bands 
observed by SEM is about twice the calculated diffusion lengths as expected if the 
equilibrium condition were reached. Taking into account that metallographic observations 
by 2D microscopy tend to show larger band separations than the effective ones due to the 
low probability that the metallographic cut will be perpendicular to the needle boundaries, 
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we can conclude that this result supports the hypothesis that the thermodynamic 
equilibrium was reached. 
Assuming that the chemical equilibrium of phases was achieved, the chemical composition 
on different precipitates and points in the matrix should be similar. Then, we can use the 
same statistical argument outlined in section 2.1 to use the sum EDS-TEM spectrum instead 
of the average of the individual EDS-TEM spectra in the quantification of the chemical 
composition of precipitates and matrix phase. The sum of ten EDS-TEM spectra measured 
in the β phase precipitates (carbon replica) of the Zr-0.85Nb-0.40Ta alloy is shown in Fig. 5. 
The X-ray lines necessary for the chemical quantitative analisys are highlighted in black, the 
X-ray lines marked with an asterisk are associated with scattering contibutions of the 
microscope and the specimen holder (Cu grid). The method to compute the intensity 
background corrected of these lines is explained in the appendix for the case of the Zr-Ta-
Nb standard alloys (see Fig. A.1). Table 4 shows the line intensities of α and β phases in the 
three alloys. 
 
Fig. 5. Sum of EDS-TEM spectrum (N=10) measured in the carbon extractive replica of Zr-0.85Nb-0.40Ta alloy. 












Zr-1.05Nb Thin film α Zr K-L2 + K-L3 15.8 226.82 0.20 
   
Nb K-L2 + K-L3 16.6 1.11 2.85 
Zr-0.85Nb-0.2Ta Thin film α Zr+Nb L3-M4 + L3-M5 + L2-M4 2.1 1193.41 0.09 
   
Ta L2-M4 9.3 0.57 3.97 
   
Zr K-L2 + K-L3 15.8 342.38 0.16 
   
Nb K-L2 + K-L3 16.6 1.52 2.43 
Zr-0.85Nb-0.4Ta Thin film α Zr+Nb L3-M4 + L3-M5 + L2-M4 2.1 1152.94 0.09 
   
Ta L2-M4 9.3 0.84 3.27 
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Zr K-L2 + K-L3 15.8 371.96 0.16 
   
Nb K-L2 + K-L3 16.6 1.66 2.33 
Zr-1.05Nb Replica β Zr K-L2 + K-L3 15.8 3.90 1.52 
   
Nb K-L2 + K-L3 16.6 15.89 0.75 
Zr-0.85Nb-0.2Ta Replica β Zr+Nb L3-M4 + L3-M5 + L2-M4 2.1 188.67 0.22 
   
Ta L2-M4 9.3 8.82 1.01 
   
Zr K-L2 + K-L3 15.8 13.72 0.81 
   
Nb K-L2 + K-L3 16.6 61.09 0.38 
Zr-0.85Nb-0.4Ta Replica β Zr+Nb L3-M4 + L3-M5 + L2-M4 2.1 137.53 0.26 
   
Ta L2-M4 9.3 10.84 0.91 
   
Zr K-L2 + K-L3 15.8 3.77 1.54 
   
Nb K-L2 + K-L3 16.6 22.91 0.63 
4. Discussion 
As it was showed previously by other authors [40], in binary Zr-Nb alloys containing more 
than 0.8 wt.% Nb, the β quenching produced an acicular martensite with internal twinning 
on 010111 planes. Annealing of this martensitic structure at temperatures between 500 
and 600 °C results in a clearly resolvable precipitation along the twin boundaries, while 
precipitation in the matrix was observed only occasionally [41]. At short annealing times 
the precipitates are identified as the metastable β-Zr phase, further annealing time 
promotes the diffusion of Nb and the equilibrium condition of β-Nb precipitates and α 
matrix could be reached [42]. In addition to the precipitation of the second phase, it was 
discovered that the internal twins shrink or disappear completely, leaving a discontinuous 
series of precipitates along the pre-existing twin boundaries. Our observations made with 
optical (Fig. 2) and electron (Fig. 3 and 4) microscopies agree with the characteristics of the 
precipitation mechanism outlined above and therefore allow us to conclude that the 
addition of a small amount of Ta to the alloys of Zr-1% Nb does not affect it. 
In addition to these findings, our results in Table 4 can accurately assess the composition 
and mass fraction of both phases, matrix and major precipitates, in thermodynamic 
equilibrium. First, these results together with the Cliff-Lorimer sensitivity factors in Table 2 
and the system of Eq. (A.1), (A.2) and (A.3) allow us to calculate the chemical composition 
of the phases. Then, neglecting other minor phases, the mass fraction of both α matrix and 
β-Nb phases are calculated. 
The chemical compositions obtained for each phase in the three alloys are displayed in Fig. 
6. The error bars in these plots represent the total error as obtained from the propagation 
of relative errors of intensities lines and sensitivity factors in the mathematical expressions 
for chemical concentrations that are solution to the system of Eq. (A.1), (A.2) and (A.3). 
Because the atomic mass of Ta is approximately twice that of Zr or Nb, Fig. 7 shows the 
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same results as in Fig. 6 for the chemical compositions now calculated as atomic fraction 
(at.%). 
For the binary alloy, our measured value of 0.574 ± 0.077 wt.% Nb for the terminal solid 
solubility of Nb in the α phase at 570 °C is within the range of experimental values 
compiled by Abriata and Bolcich [28] ranging between 0.5 to 6.4 wt.% and close to the 
maximum value of the range 0.29-0.49 wt.% suggested in the review report of Harte et al. 
[43]. In the ternary alloys containing Ta, it appears that Ta slightly reduces the solubility of 
Nb in the α phase while increasing the total solubility (see Fig. 7). 
 
Fig. 6. Mass fraction chemical concentrations of (a) α phase and (b) β phase. 
 
Fig. 7. Atomic fraction chemical concentration of Nb or (Nb+Ta) in the α phase and Zr or (Zr+Ta) in the β 
phase. 
The composition range for the β-Nb phase in binary Zr-Nb alloys is analyzed by Harte taking 
sixty studies from the literature [43], predominantly with demonstrated zero concentration 
of Fe; the measured values show a distribution whose average is 87.7 wt.% Nb and its 
standard deviation is 4.6 wt.%. Our measured value of 82.8 ± 1.3 wt.% Nb for the β-Nb 
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phase at 570 °C overlaps with the lower part of that range. As expected, Ta is a stronger β-
stabilizer than Zr, it reduces the solubility of Zr but increases the total solubility in the β 
phase (see Fig. 7). 
Woo and Griffiths [44] have well-characterized the appearance of various phases in 
“binary” Zr-Nb systems with impurities of Fe, and, to a lesser extent, Cr, Ni, Cu and W; they 
found that for contents higher than 0.2 wt.% Nb and 24 ppm Fe alloys predominantly 
nucleate ZrNbFe intermetallics and the β-Nb phase. The extensive study of model ternary 
Zr-Nb-Fe alloys by Argentinian groups [45,46] and French groups [47,48] have reported the 
existence of two dominant ternary ZrNbFe phases: the hexagonal Zr(Nb,Fe)2 and the face-
centered cubic (Zr,Nb)2Fe. The Zr content of our results in the intermetallic particles, 
expressed in at.%, is (37.7 ± 0.98) for the binary alloy and (34.45 ± 0.9) for the ternary alloy; 
these values fit well with the stoichiometric assignment Zr(Nb,Fe)2 considering the average 
value (35.6 ± 5.0) at.% obtained from 112 measurements compiled by Harte et al. [43] from 
those reported in the literature. 
Fig. 8a shows the mass fraction of both α matrix and β-Nb phases, even when the observed 
changes are small, it is noted that the addition of Ta causes a decrease in the mass fraction 
of the beta phase. The effect is strong at low addition and then remains almost constant. 
The reason for this behavior is understandable by analyzing Fig. 8b, the alpha phase 
boundary measured in this study falls on a line that is parallel to the line supported by the 
nominal compositions of alloys Zr-0.85Nb-0.20Ta and Zr-0.85Nb-0.40Ta while the nominal 
composition of the Zr-1Nb alloy is furthest from that phase boundary. As a corollary, we 
note that the measured alpha phase boundary is consistent with a much larger limit of Ta 
solubility in the α-Zr phase [20,21,22]. 
 
Fig. 8. a) Phase mass fraction in the studied Zr-Nb-Ta alloys; b) The zirconium apex of the ternary system Zr-
Nb-Ta showing the results of this work.  
The results of our research indicate that Ta addition in Zr-1Nb alloy maintains the two-
phase microstructure of Zr-1Nb nuclear alloys and could be considered as a potential 
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alloying element to modify the corrosion kinetics under water at high pressure and 
temperature. In this regard, following the corrosion kinetics model in Ref. [6], the two 
important effects to pay particular attention are the behavior as aliovalent ion in solution 
within zirconia (i.e, its average oxidation state) and in its power to prevent the dissolution 
of the β-zirconium or β-niobium phase particle. A forthcoming publication will show our 
findings in this regard. 
 
5. Conclusion 
The (α+β) phase microstructure in Zr-1.05Nb, Zr-0.85Nb-0.20Ta and Zr-0.85Nb-0.40Ta 
(wt.%) alloys quenched from β phase and post equilibrium treatment (570 °C for 3840 h) 
were studied at different scales by optical, scanning electron and transmission electron 
microscopies. The martensitic needles of α phase (matrix) are decorated on boundaries by 
β phase particles and also inside with the particles aligned in parallel lines. 
The chemical compositions of the phases were quantitatively measured by the EDS-TEM 
technique using standard X-ray intensity ratios for the Cliff-Lorimer method. Matrixes were 
measured on thin films and particles on carbon extractive replicas. The Ta addition showed 
a continuous increase of solubility of (Nb+Ta) in α-Zr and (Zr+Ta) in the β-phase. However, 
in both cases, the Ta atoms replace the majority solute atom. Holding the composition of 
(Nb+Ta) close to 1 wt.% in the nominal composition of the ternary Zr-Nb-Ta alloy causes 
the decrease in the mass fraction of the β-phase. 
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Appendix 
This section details the experimental determination, using standards alloys, of the 
sensitivity  factors required to quantify the chemical compositions of phases occurring in 
Zr-Nb-Ta alloys from the EDS spectra. Given that  factors are dependent on the 
equipment and measurement conditions, in this work all quantitative EDS analysis were 
performed with the same conditions. 
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In section 2.1 of this paper, we have detailed how standard alloys were manufactured and 
how their homogeneity and average chemical composition were evaluated using EPMA. It 
was also discussed there why the accuracy of the sensitivity  factors will be greatly 
improved if we use the summed spectra of ten individual EDS-TEM spectra taken on 
different parts of the thin sheet of the standard alloy. The sum EDS-TEM spectra of each 
thin film standards was shown in Fig. 1 detailed amplification of the spectrum around the 
quantized lines, highlighted in black in Fig. 1, are shown in Fig. A.1. 
The experimental determination of the sensitivity  factors is relatively easy, in principle, 
you have to place a thin specimen of known composition, for example 2 and 3, in the 
microscope, generate a spectrum, obtain values of 42 and 43 and insert those values in the 
Cliff-Lorimer equation [33]: 
23 = 23  
4243 
However, there is one thing that is often not highlighted, the relation between line 
intensities must be made with X-ray signals from the same electron shell (eg, K, L, M, etc.). 
In this regard, Zr-Nb-Ta ternary alloys have two drawbacks that must be overcome. First, 
tantalum is a heavy element and the critical ionization energy of the innermost shell (K) is 
too high to be reached by the voltage used in TEM. Therefore, in these alloys it is necessary 
to use the family of L lines instead of K lines. Then, a second problem arises, the L lines of 
the Zr and Nb are very close and their peaks are overlapping (Figs. A.1a and A.1d). This 
overlaping is not easy to resolvable by peaks deconvolution without introduce artifacts into 
intensities determination that we prefer to avoid. To try to solve all the mentioned 
drawbacks, we present an alternative method that uses two standard alloys instead of one 
and no peak deconvolution. 
The method consists of the following. In the EDS-TEM spectrum of each standard alloy we 
will measure the individual intensities of the K lines of Zr and Nb, 45  and 45 , the sum of 
their intensities of lines L, 46 + 46 , and the intensity of line L of Ta, 46 . Considering the 
Cliff-Lorimer equation we can write, 
 = 5
4545                                                              8. 1 




6 :                                          8. 2 
Eq. A.1 is redundant to use on two different alloys to determine 5  beyond providing an 
estimate of its measurement error. On the contrary, Eq. A.2 used on two alloys of different 
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chemical composition provides a system of equations to estimate the intensity factors 
6  and 6 . An additional problem arises using the copper holder of the thin sheet, 
the most intense L line of Ta (TaL3-M5) overlaps the CuL2-M3 line. But this was easily solved 
using the TaL2-M4 line. Because the TaL2-M4 line is slightly overlapped with the TaL3-N4+5 line, a 
Gaussian function was used to fit the peak shape and calculate the integral intensity (see 
Figs. A.1b and A.1e). The intensities of lines were calculated by subtracting the background 
contribution with a straight line beneath of each peak. The intensity (counts) is obtained as 
the mathematical peak integral divided the energy resolution (5 eV per channel). The 
intensity relative error (;), with a 99.7 % confidence limit, was calculated as: ; = < = 
>?
=  .  
 
 
Fig. A.1. Detail of the EDS line intensities to quantify from the Fig. 1 spectra. St-1 (12.5Zr-46.5Nb-41Ta) in a), 
b) and d), St-2 (66Zr-18Nb-16Ta) in d), e) and f). 
Table A.1. Intensity lines from sum of EDS spectra. 







(St-1) 12.5Zr-46.5Nb-41Ta Zr+Nb L3-M4 + L3-M5 + L2-M4 2.1 46.60 0.14 
 
Ta L2-M4 9.3 10.84 0.29 
 
Zr K-L2+3 15.8 2.86 0.56 
 
Nb K-L2+3 16.6 9.09 0.31 
(St-2) 66Zr-18Nb-16Ta Zr+Nb L3-M4 + L3-M5 + L2-M4 2.1 59.49 0.12 
 
Ta L2-M4 9.3 3.21 0.53 
 




Nb K-L2+3 16.6 2.68 0.58 
 
The relative errors of sensitivity  factors in Table 2 of the main text are obtained from the 
propagation of relative errors in the mathematical expressions that are the solution of Eq. 
A.1 and the system of Eq. A.2. These mathematical expressions are functions of relative 
errors of line intensities (Table A.1) and chemical compositions (Table 1) measured in the 
standard alloys. The difference between the two values obtained for the sensitivity factor 
5  using each standard alloy was less than the largest relative propagation error 
obtained from them. 
Once the sensitivity  factors were determined, the measurement of the chemical 
composition in precipitates and matrices is obtained from the intensities 45  , 45  , 46 + 46  and 46(%@A  obtained in their EDS-TEM spectra and Eq. A.1 and A.2 together 
with the equation 
 +   +  = 100                                                      8. 3 
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